Dendritic cell-specific intracellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) and DC-SIGNR are C-type lectins that serve both as cell adhesion and pathogen recognition receptors. Because of the essential role of the these molecules in the immune response, the implication of their alleles in human disease states, and the possible genetic variation at these loci among ethnically diverse populations, we undertook a study to analyze the full extent of DC-SIGN and DC-SIGNR polymorphisms in Caucasian Canadian and indigenous African populations. We report several novel nucleotide variants within regulatory 5=-and 3=-untranslated regions of the genes that could affect their transcription and translation. There were significant differences in the distribution of DC-SIGN and DC-SIGNR alleles among African and non-African populations. Finally, our study clearly demonstrates that Africans show greater genetic diversity at these two closely-related immune loci than observed in other major population groups. The differences may reflect evolutionary pressures generated by environmental factors, such as prevalent pathogens in these geographically distinct regions. Further studies will be needed to determine the net impact of DC-SIGN and DC-SIGNR genetic variants on the expression, translation, and function of the proteins and to understand how these functional polymorphisms may affect immune responses or immune escape.
Introduction
Dendritic cell-specific intracellular adhesion molecule-3grabbing nonintegrin (DC-SIGN/CD209) and DC-SIGN related (DC-SIGNR/L-SIGN/CD209L) are C-type lectins involved in both innate and adaptive immunity. DC-SIGN is expressed on subsets of dendritic cells (DC) and macrophages [1, 2] , whereas expression of DC-SINGR is restricted to endothelial cells of the liver, lymph nodes and placenta [1, 3] . Despite their different expression profiles, DC-SIGN and DC-SIGNR have similar amino acid composition (77% homology) and share an identical intron-exon organisation. A C-terminal carbohydrate recognition domain (CRD) present in both receptors binds pathogens in a Ca 2ϩ dependent manner. A neck region, made up of highly conserved 23 amino acid repeats, plays a crucial role in tetramerization and support of CRDs, thus influencing the pathogen-binding properties of these receptors. Finally, a short cytoplasmic tail at the Nterminus with LL and YKSL motifs, and a triacidic cluster (EEE) for DC-SIGN is responsible for internalisation and signal transduction [4] leading to cellular maturation, adhesion, migration and differentiation [5] . Both lectins are known to bind multiple pathogens of great public health concern such as Mycobacterium tuberculosis, Helicobacter pylori, Klebsiella pneumoniae, Dengue virus, Ebola virus, hepatitis C virus (HCV), human cytomegalovirus, human herpesvirus 8, human immunodeficiency virus (HIV)-1, HIV-2, measles virus, coronavirus severe acute respiratory syndrome, Leishmania pifanoi, Shistosoma mansoni, and Candida albicans [6 -15] .
DC-SIGN and DC-SIGNR genes are located on chromosome 19 p13, in close physical proximity (ϳ15 Kb) in head-to-head orientation, resulting from duplication of an ancestral gene [16] . Strikingly, these two genes behave as independent entities and are not in linkage disequilibrium [17] . These receptors appear to have undergone different evolutionary processes, leading to considerable diversity in their recognition patterns. Characterization of their genetic polymorphism may provide insight into the variability of pathogenrecognition patterns among individuals of different ethnic origins, and therefore on the susceptibility or resistance to significant pathogens. In recent years, DC-SIGN and DC-SIGNR polymorphisms have been associated with several in-fectious diseases. DC-SIGN promoter variant at position Ϫ336G was associated with an increased risk for parenteral transmission of HIV-1 in Caucasian Americans [18] and for dengue hemorrhagic fever in the Thai population [19] . In contrast, the wild-type variant at this position (Ϫ336A), was associated with a protective effect against tuberculosis in the coloured South-African population [20] but not in Colombian individuals [21] . The neck regions of DC-SIGN and DC-SIGNR are formed by variable numbers of 69-bp tandem repeats in exon 4 that encode repeating units of 23 amino acids [16] . Heterozygosity for the number of DC-SIGN and DC-SIGNR tandem repeats has been associated with a reduced risk of sexual transmission of HIV-1 in Caucasian Americans [22, 23] , but not in Caucasian Europeans [24] . Nattermann et al. [25] found that Caucasian European individuals with 5-, 6-, and 7-repeat alleles of DC-SIGNR had higher HCV-RNA levels when compared with carriers of 4-and 9-repeat alleles. Finally, Chinese individuals homozygous for the DC-SIGNR tandem repeat were less susceptible to coronavirus severe acute respiratory syndrome infection [26] .
To date, little is known about DC-SIGN and DC-SIGNR polymorphisms among African populations in which the burden of health-threatening pathogens such as those mentioned above is the greatest. The allelic distribution of DC-SIGN and DC-SIGNR genes in people living in developing countries may differ from those living in industrialized countries because of overdominant selection pressure exerted on specific alleles by prevalent pathogens in these geographic areas [27] . Because of the essential role of the DC-SIGN and DC-SIGNR molecules in the immune response, the implication of their alleles in human disease states, and the possible genetic variation at these loci among ethnically diverse populations, we undertook a study to analyze the full extent of DC-SIGN and DC-SIGNR polymorphisms in Caucasian Canadians and an indigenous African population. We now report the nucleotide sequence diversity of DC-SIGN and DC-SIGNR genes in Caucasian Canadians and in the Shona people of Zimbabwe, selected to represent a homogenous ancestral group.
Subjects and methods

Sample composition
Our samples consisted of stored DNA extracts from 100 unrelated Zimbabweans of the Shona ethnic group recruited in the ZVITAMBO project in Harare (Zimbabwe, Africa) and 100 unrelated Caucasian individuals from Québec, Canada. The use of these samples for the present study was approved by the research ethics committees.
DNA extraction and DNA sequence analysis
DNA was extracted from whole peripheral blood using standard phenol-chloroform extraction procedure. The nucleotide sequence variation of the entire promoter (5=-UTR), coding regions and part of 3=-UTR of DC-SIGN and DC-SIGNR genes were determined by polymerase chain reaction (PCR)-amplified direct DNA sequencing method in 50 randomly selected samples from each population. The DNA sequencing procedures were done using the PCR conditions and specific primers as described previously [19] . The reaction products were run in an automated DNA sequencing ABI PRISM 3100 capillary sequencer (Applied Biosystems, Foster City, CA). All PCR products Specific polymorphisms with the potential to affect the protein function and/or known to be associated with susceptibility/resistance to pathogens were typed in all study samples (Tables 1 and 2) . DC-SIGN mutations in the promoter and in exon 4 were determined by direct DNA sequencing as described above. The number of DC-SIGN and DC-SIGNR exon 4 repeats was determined as described previously [22, 23] .
ABBREVIATIONS
Statistical analysis
Allelic frequencies in our populations were compared using the Chisquare test. Genotypic frequencies were compared with Hardy-Weinberg expectations using the Chi-square test. Haplotype reconstruction was performed by use of the Bayasian statistical method implemented in PHASE, version 2.1.1 [28, 29] , using single nucleotide polymorphism (SNP) with a minimum allele frequency of 2%. We applied the algorithm five times, using different randomly generated seeds, and consistent results were obtained across runs.
Results
DC-SIGN polymorphism
We identified 40 SNPs with allelic frequencies Ͼ1% in the Canadian and Zimbabwean populations after direct sequencing of the entire DC-SIGN gene ( Figure 1A ). Among these SNPs, 19 (47.5%) were unique to the Zimbabweans when compared with the Canadians, whereas four (10%) were found only in the Canadian samples. Five novel DC-SIGN mutations were identified in the promoter region and in intron 6. In the Zimbabwean population, two novel SNPs were found in the 5=-UTR at positions Ϫ819 (A/G) and Ϫ332 (G/A) at allelic frequencies of 2%. In the Canadian population, one novel mutation in the promoter region at position Ϫ859 (A/G) was found in 2% of the individuals. One novel SNP in intron 6 ϩ148 (G/A) was observed exclusively in 3% of Zimbabweans, whereas another single novel mutation in intron 6 -39 (insertion of G) shared by both populations was found in 2% of individuals in each population.
The allelic distribution of selected DC-SIGN polymorphisms with the potential to affect the protein function and/or known to be associated with susceptibility/resistance to pathogens were typed in all study samples and compared with those of other ethnic populations ( Table 1 ). The genotypic distribution of DC-SIGN SNPs at each position was in Hardy-Weinberg equilibrium (p Ͼ 0.5) for both populations analyzed in the present study. There were significant differences in the distribution of DC-SIGN alleles between Zimbabweans and Canadians for most of the SNPs analyzed. The mutations at position Ϫ745 (G/T) and Ϫ201 (G/T) in the promoter region were observed exclusively in the Zimbabwean population. Promoter variants at position Ϫ336 (A/G) was found more frequently in Zimbabweans (45%) than in Canadians (18%) whereas the Ϫ871 (A/G) variant was observed less frequently in Zimbabweans (5%) than Reference citation [17] [20]
[17]
[19] [17] Amino residues are indicated by single-letter codes at each codon position defined by three-digit numbers.
Abbreviations in Canadians (42%). A cluster of 8 mutations in introns 5 and 6 in high LD, identified as cluster A (H32-H39) by Barreiro et al. [17] , was found in 15% of the Zimbabwean population, whereas it was almost absent in the Canadian population (1%) ( Figure 1A ). This cluster of mutations was found in association with the promoter variant at position Ϫ201 (G/T) and three exon 4 protein-modifying mutations coding for the neck region of the protein (H33-H36, Figure 1A Figure 1A ). The Cluster A and exon 4 nonsynonymous mutations are observed almost exclusively in African populations ( Figure 1A and Table 1), whereas the cluster B mutations ( Figure 1A ) are found in both Zimbabwean and Canadian populations as well as in all other major ethnic groups [17, 19, 20] . The allelic composition of DC-SIGN haplotypes and their frequency distribution in Zimbabweans and Canadians is illustrated in Figure 1A . In total, we identified 39 different haplotypes. Two major haplotypes (H1, H25) accounted for 70% of the Canadian variability, whereas the two major haplotypes (H1, H22) in the Zimbabwean population represented ϳ35% of the variability. There were 32 different haplotypes in Zimbabweans and 13 different haplotypes among Canadians. Of those, 26 were found exclusively among Zimbabweans, whereas seven were unique to the Canadian population. Thus, the Zimbabwean population showed a signif-icant greater DC-SIGN genetic diversity (82%) than the Canadian population (33%) (p Ͻ 0.03).
DC-SIGNR polymorphism
We observed the presence of 29 DC-SIGNR SNPs with allelic frequencies Ͼ1% in the Canadian and Zimbabwean populations ( Figure 1B ). Of these, eight were novel DC-SIGNR mutations. Two novel mutations in the 5=-UTR at positions Ϫ414 (G/A) and Ϫ133 (T/C) were detected exclusively in Canadians at frequencies of 9% and 3%, respectively. In the Zimbabwean population, there were two novel SNPs in exons 2 and 5 found in 3% and 5% of individuals, respectively. The mutation in exon 2 (C/G) is predicted to modify the amino acid composition of the protein at codon 28 (neutral Pro¡neutral Leu) while the exon 5 (G/T) at codon 290 is a silent mutation (His¡His). There were four novel mutations in the 3=-UTR of the Zimbabwean DC-SIGNR gene. The exon 7 ϩ 223 (deletion of TCT) and exon 7 ϩ 271 (C/G) were linked and found in 15% of individuals. The exon 7 ϩ 333 (T/C) was linked with exon 5 (G/T) mutation and observed in 5% of individuals. Finally, the exon 7 ϩ 518 (C/T) was found at an allelic frequency of 4% in the Zimbabwean population. The genotypic distribution of DC-SIGNR SNPs at each positions was in Hardy-Weinberg equilibrium (p Ն 0.5).
Haplotype reconstruction of DC-SIGNR showed a wider haplotype diversity (52 different haplotypes) than that found for DC-SIGN ( Figure 1B) . Interestingly, the haplotype corresponding to the wild-type sequence (H1) was found only in 5% of Canadians and in none of the Zimbabweans. The major haplotype (H15) in Zimbabweans (22%) was also relatively frequent in the Canadian population (19%). Haplotypes (H22, H43, H46) accounted for 27% of Zimbabweans variability and were absent in Canadians. In contrast, haplotypes (H13, H33, H36, H41) accounted for 53% of Canadian variability, whereas they were at very low frequency (H33 at 1%) or absent (H13, H36, H41) in Zimbabweans. Once again, the Zimbabweans showed a greater DC-SIGNR genetic diversity with 34/52 haplotypes (65%) than Canadians with 23/52 haplotypes (44%) although the difference was not statistically significant (p Ͼ 0.05). In contrast, Zimbabweans were less likely to present polymorphic DC-SIGNR repeat-regions ( Table 2 ). Genotypic distribution of repeat alleles in Zimbabweans was mostly represented by the wild-type 7/7repeat form (42%). Moreover, the Zimbabweans were more likely to be homozygous (53%) for the repeat region than the Canadians (33%, p Ͻ 0.01) and other Caucasian populations ( Table 2 ).
Discussion
Our exhaustive investigation of the nucleotide sequence of DC-SIGN and DC-SIGNR genes in Zimbabwean and Canadian populations revealed the presence of novel variants, mostly in the regulatory regions of these genes. There were two novel promoter (5=-UTR) variants that might influence gene transcription as suggested by a search in the TRANSFAC database. The DC-SIGN Ϫ332A variant found in Zimbabweans and the DC-SIGNR Ϫ414A variant observed in Caucasian Ca-nadians create potential binding sites for TCF-1␣ and E1A-F transcriptional factors, respectively. Four novel mutations in DC-SIGNR 3=-UTR were observed at frequencies ranging from 4% to 15% in the Zimbabwean population exclusively.
There are now a number of studies suggesting that genetic variants in 3=-UTR affecting RNA expression can be implicated in human disease (reviewed in [32] ). Using computerbased prediction tools (Lasergene software, DNA Stars, Madison, WI), we observed that these novel mutations are likely to modify the secondary structure of the DC-SIGNR 3=-UTR, which in turn could affect mRNA stability or production. Further in vitro studies will be needed to assess the possible effects of these novel 5=-UTR and 3=-UTR mutations on DC-SIGN and DC-SIGNR transcriptional and translational activities.
They were significant differences in the distribution of DC-SIGN and DC-SIGNR alleles among African and non-African populations. Of interest, the DC-SIGN promoter variant Ϫ336G associated with susceptibility to HIV-1 infection [18] and dengue hemorrhagic fever [19] is found significantly more frequently in African than in Caucasian or Asian populations (p Ͻ 0.001) ( Table 1 ). This observation is very interesting, considering the high prevalence of at least the former infection in Africa. The Ϫ336G variant, located 214 bp upstream of the major transcription site, affects a Sp1 binding site and modulates in vitro DC-SIGN transcriptional activity by decreasing its expression [19] . The reduced DC and macrophage cell surface expression of DC-SIGN in individuals carrying the Ϫ336G variant might have deleterious effects on clearance of pathogens by diminishing the antigen-presenting capability of these cells. However, recent in vitro studies have shown that HIV-1 and other important pathogens target DC-SIGN to escape immune surveillance and to promote their survival [33, 34] . Other relatively frequent promoter mutations, found exclusively in Africans, might also affect cell surface expression of DC-SIGN. Indeed, the TRANSFAC database search identified potential TBP and RSRFC4 binding sites in the presence of promoter variant Ϫ745A and a c-Myc binding site in presence of the variant Ϫ201A. At this point, it is not known whether or not these putative binding sites are biologically significant in the context of DC-SIGN transcription. More effort will be needed to determine the net impact of DC-SIGN promoter variants on its expression and to understand how the altered expression of DC-SIGN may affect immune response capacity or immune escape.
The neck region of DC-SIGN and DC-SIGNR region plays a crucial role in tetramerization of the receptor and support of CRDs, thus influencing the pathogen-binding properties of these receptors. The neck region of DC-SIGN consists of seven amino acid repeats with rare variations, whereas the number of DC-SIGNR repeats is highly variable and differs among different ethnic populations ( Table 2 ). The Zimbabweans are more likely to be homozygous (53%) for the DC-SIGNR repeat region than the Canadians (33%, p Ͻ 0.01) and other Caucasian populations ( Table 2 ). Genotypic distribution of repeat alleles in Zimbabweans was mostly represented by the wild-type homozygous 7/7-repeat form (42%). A recent study reported that the DC-SIGNR homozygous 7/7 wild-type genotype is associated with an increased risk of HIV-1 infection, whereas the heterozygous 7/5 genotype correlated with resistance to infection [23] . It has been suggested that heterozygous expression of polymorphic neck variants of DC-SIGNR may result in reduced ligand-binding affinity [16, 35, 36] . In fact, homozygous CHO cells transfected with DC-SIGNR containing seven tandem exon 4 re- peats (7/7) had higher binding capacity than heterozygous 7/5 transfectants [26] . Whether homozygosity contributes to enhanced infection, immune escape or triggers effective immune responses remains to be established. Guo et al. [37] found that individual with homozygous or heterozygous 5-, 6-, or 7-repeat alleles would express functional DC-SIGNR, whereas shorter alleles would not oligomerize. Despite the fact that the heterozygous genotype did not affect tetramerization of the receptor, it is not excluded that shortening the neck region would significantly change position of the CRDs relative to the cell surface, thus affecting interaction with pathogens. Accordingly, the high rate of homozygosity at the wild-type repeat allele in Zimbabweans may represent a better pathogen recognition capacity for DC-SIGNR or a better chance for pathogens to subvert DC-SIGNR for immune escape.
We and others [17] have identified four protein-modifying mutations in the neck domain of DC-SIGN that are relatively frequent in Africans but absent in other major population groups ( Table 1 ). These variants are nonconservative substitutions with respect to amino acid composition (codons 198, 214, 221, 242) and polarity (codons 198 and 221) and might induce conformational changes in the protein neck domain. This in turn could affect the oligomerization of the receptor, resulting in altered binding capacity and specificity of the DC-SIGN protein. Haplotype reconstruction of the DC-SIGN gene ( Figure 1A ) in the Zimbabwean population has shown that haplotypes can contained either three (H33-H36), two (H32), or one (H16,H17,H18,H30,H31) of these amino acid changes, thus affecting the conformation of the protein in different manners and contributing to the variability of DC-SIGN at the protein level in this population. Variations in the neck domain of DC-SIGN gene, leading to different forms of the DC-SIGN receptor in Africans, may be the result of selective pressure exerted by prevalent pathogens in these geographically distinct regions.
In summary, we have conducted a thorough analysis of the nucleotide sequence of the DC-SIGN and DC-SIGNR genes in samples collected from Caucasian Canadians and indigenous Zimbabweans. Several novel nucleotide variants within the regulatory 5=-and 3=-untranslated regions of the genes that are important for transcription and translation were identified. The data from this study and others [17, 19, 20, 26, 31] show that the allelic distribution of DC-SIGN and DC-SIGNR genes differs widely in populations from industrialized and developing countries, presumably because of geographically determined selection pressures. In fact, the prevalence of most of the polymorphisms that could potentially affect either the transcription, translation or function of these proteins was higher in African than in non-African populations. Moreover, haplotype reconstruction clearly demonstrates that Africans show greater genetic diversity at these two closely-related immune loci than that observed in Caucasian Canadians. A broader spectrum of infectious pathogens including some that are known specifically to subvert DC-SIGN and DC-SIGNR function to escape the immune system might have played an important role in shaping the genetic repertoire of these genes among Africans. Further studies will be needed to determine the net impact of DC-SIGN and DC-SIGNR genetic variants on the expression, translation and function of the proteins and to understand how these functional polymorphisms may affect immune response capacity or immune escape.
